r Endothelial cell function in resistance arteries integrates Ca 2+ signalling with hyperpolarization to promote relaxation of smooth muscle cells and increase tissue blood flow. Whether complementary signalling occurs in lymphatic endothelium is unknown.
r Intracellular calcium and membrane potential were evaluated in endothelial cell tubes freshly isolated from mouse collecting lymphatic vessels of the popliteal fossa. Resting membrane potential measured using intracellular microelectrodes averaged ß−70 mV.
r Stimulation of lymphatic endothelium by acetylcholine or a TRPV4 channel agonist increased intracellular Ca 2+ with robust depolarization. Findings from Trpv4 −/− mice and with computational modelling suggest that the initial mobilization of intracellular Ca 2+ leads to influx of Ca 2+ and Na + through TRPV4 channels to evoke depolarization.
r Lymphatic endothelial cells lack the Ca 2+ -activated K + channels present in arterial endothelium to generate endothelium-derived hyperpolarization. Absence of this signalling pathway with effective depolarization may promote rapid conduction of contraction along lymphatic muscle during lymph propulsion.
Abstract Subsequent to a rise in intracellular Ca
2+ ([Ca 2+ ] i ), hyperpolarization of the endothelium coordinates vascular smooth muscle relaxation along resistance arteries during blood flow control. In the lymphatic vasculature, collecting vessels generate rapid contractions coordinated along lymphangions to propel lymph, but the underlying signalling pathways are unknown. We tested the hypothesis that lymphatic endothelial cells (LECs) exhibit Ca 2+ and electrical signalling properties that facilitate lymph propulsion. To study electrical and intracellular Ca 2+ signalling dynamics in lymphatic endothelium, we excised collecting lymphatic vessels from the popliteal fossa of mice and removed their muscle cells to isolate intact LEC tubes (LECTs). Intracellular recording revealed a resting membrane potential of ß−70 mV. Acetylcholine (ACh) increased [Ca 2+ ] i with a time course similar to that observed in endothelium of resistance arteries (i.e. rapid initial peak with a sustained 'plateau'). In striking contrast to the endothelium-derived hyperpolarization (EDH) characteristic of arteries, LECs depolarized (>15 mV) to either ACh or TRPV4 channel activation. This depolarization was facilitated by the absence of Ca 2+ -activated K + (K Ca ) channels as confirmed with PCR, persisted in the absence of extracellular Ca 2+ , was abolished by LaCl 3 and was attenuated ß70% in LECTs from Trpv4 −/− mice. Computational modelling of ion fluxes in LECs indicated that omitting K + channels supports our experimental results. These
Introduction
Endothelium-derived hyperpolarization (EDH) is integral to the control of vascular resistance, tissue blood flow and oxygen delivery (Busse et al. 2002; Garland & Dora, 2017) . In contrast to endothelial cell (EC)-dependent signalling mediated through the release and diffusion of autacoids (e.g. nitric oxide (NO) and prostaglandins), the EDH pathway serves as a direct electrical signal that spreads through gap junctions from EC to EC and from ECs to smooth muscle cells (SMCs) to promote vasodilatation (Bagher & Segal, 2011) . The longitudinal spread of hyperpolarization conforms to passive cable properties demonstrated in both intact resistance arteries containing SMCs (Emerson et al. 2002) and their freshly isolated endothelial cell tubes (Félétou, 2016; Garland & Dora, 2017) . As such, the initiation of EDH is a classic example of the intimate interaction between Ca 2+ homeostasis and alterations in V m (Busse et al. 1988; Behringer & Segal, 2015) and this relationship is integral to blood flow regulation throughout the body (Félétou, 2016) .
Collecting lymphatic vessels perform multiple distinct physiological roles (Aspelund et al. 2016) , including the rapid coordination of contraction and relaxation driven by lymphatic muscle cells (LMCs) to pump fluid centrally from peripheral tissues (von der Weid et al. 1996; . Whereas lymphatic endothelial cell function has focused largely on the NO pathway (Chakraborty et al. 2015) , the potential for EDH signalling in isolated endothelium of collecting lymphatics is unknown. Resolving the determinants of electrical signalling in lymphatic vessels is integral to understanding how they maintain the ability to contract rapidly to move lymph against a pressure gradient. Thus, if the EDH pathway is activated in lymphatic vessels, relaxation of LMCs may interfere with effective pumping. Indeed, lymphatic vessels isolated from mice that lack endothelial nitric oxide synthase (i.e. eNOS −/− ) do not dilate in response to the muscarinic receptor type 3 (M 3 ) agonist acetylcholine (ACh). Instead, they display enhanced constriction and increased contraction frequency . The absence of residual dilatation to ACh in lymphatics from eNOS −/− mice suggests that LECs lack EDH signalling characteristic of blood vessels in response to SK Ca /IK Ca activation. If lymphatic endothelium indeed lacks signalling via the EDH pathway, it would be markedly different from endothelium studied in the context of blood flow control.
In the present study, we tested the hypothesis that LECs exhibit Ca 2+ and electrical signalling properties that permit lymph propulsion. To investigate simultaneous [Ca 2+ ] i and electrical responses of native intact lymphatic ECs in the absence of LMC influences, LEC tubes (LECTs) were isolated from popliteal collecting lymphatic vessels of C57BL/6 mice (1-2 months old) using mild enzymatic digestion and gentle trituration. Arterial endothelial cell tubes (AECTs) isolated from popliteal arteries were studied under identical conditions as a positive control for EDH signalling in blood vessels. Sharp microelectrodes and Fura-2 photometry were used to measure membrane potential (V m ) and [Ca 2+ ] i , respectively, in response to ACh, which involves the internal release of Ca followed by Ca 2+ influx, or in response to the transient receptor potential vanilloid type 4 (TRPV4) agonist GSK1016790A (GSK101), which mediates Ca 2+ influx. We found that despite the similar time course of intracellular [Ca 2+ ] i dynamics in response to ACh, LECTs depolarize instead of hyperpolarizing in the manner of AECTs, indicating the lack of an EDH pathway. Using intact pressurized lymphatic vessels, we verified that lymphatic endothelium depolarized to ACh. This finding was supported by RT-PCR demonstrating the absence of mRNA for Kcnn3 and Kcnn4 (which encode SK Ca and IK Ca proteins, respectively) in LECTs, which contrasts with their known expression in AECTs. Despite the absence of Ca 2+ -activated K + (K Ca ) channels and their association with TRPV4 channels in blood vessels (Sonkusare et al. 2012 
Methods

Animal care and use
All animal care and experimental procedures were approved by the Animal Care and Use Committee of the University of Missouri and performed in accord with the National Research Council's Guide for the Care and Use of Laboratory Animals (8th edn, 2011). Mice were housed in an enriched environment maintained on a 12:12 h light-dark cycle at ß23°C with fresh tap water and standard chow available ad libitum. Experiments were performed on male C57BL/6 mice (1-2 months old; n = 33) purchased from Charles River Laboratories (Wilmington, MA, USA). In complementary experiments, male Trpv4 −/− mice (C57BL/6 background, n = 4) bred at the University of Missouri (breeders obtained from GlaxoSmithKline (King of Prussia, PA, USA)) were used to investigate the role of TRPV4 (Thorneloe et al. 2008) 
Surgery and microdissection
Once a mouse was anaesthetized, the fur covering each hindlimb was removed by shaving. With the mouse in the prone position, a ß1 cm L-shaped incision was made from the ankle towards the knee to expose the saphenous vein. While viewing through a stereomicroscope, connective tissue surrounding the saphenous vein was carefully cut to expose a superficial popliteal lymphatic vessel intimately associated with the vein. The collecting lymphatic vessel and associated adipose tissue were then carefully removed from the vein using microdissection and placed in Krebs buffer. Two popliteal collecting lymphatic vessels were removed per mouse (one per leg). In separate experiments, the popliteal artery was removed from each leg in similar fashion. Vessels were then pinned to the bottom of a chamber coated with transparent Sylgard R rubber (Dow Corning, Midland, MI, USA) before adipose and connective tissue were removed using microdissection, then vessels were transferred to a glass tube containing the dissociation buffer and enzymes. We found it unnecessary to clean lymphatic vessels completely with microdissection as performed previously since enzymatic digestion facilitated the removal of connective tissue.
For endothelial V m measurements of isolated and pressurized lymphatic vessels, inguinal efferent-axillary afferent (Ing-Ax) internodal collecting vessels were used due to their amenability for removal of connective tissue, which facilitated access of the microelectrode to the endothelial layer while limiting trauma to smooth muscle and ECs. In brief, a midline dorsal incision and retraction of the skin fold revealed the large Ing-Ax paralleling the superficial epigastric vein. The Ing-Ax lymphatic vessel and surrounding connective tissue was removed by dissection and further cleaned in a Sylgard-coated dish in Krebs buffer supplemented with 0.5% BSA.
Endothelial cell tube isolation and superfusion
Popliteal AECTs and LECTs were prepared as recently described (Socha & Segal, 2013) . Briefly, vessel segments J Physiol 595.24 were then rinsed with PSS lacking enzymes and transferred to a tissue chamber (RC-27N, Warner Instruments, Hamden, CT, USA) containing PSS at room temperature. To dissociate muscle cells from the endothelial layer, a vessel segment was incubated with an enzyme cocktail (see 'Solutions') at 34°C for either 30 min (arteries) or 20 min (lymphatic vessels). The vessel segment was then gently triturated using aspiration and ejection from a micropipette during visual inspection at ×200. Dissociation pipettes were prepared from borosilicate glass capillary tubes (1.0 mm outer diameter (o.d.)/ 0.58 mm internal diameter (i.d.); World Precision Instruments (WPI), Sarasota, FL, USA) pulled (P-97; Sutter Instruments, Novato, CA, USA) and heat-polished at one end (tip i.d.: ß50-70 μm). The tissue chamber containing the freshly isolated EC tube (width: ß40 μm, length: 0.3-1 mm) was secured to an aluminium platform (width: 14.5 cm, length: 24 cm, thickness: 0.4 cm). A micromanipulator (DT3-100, Siskiyou Corp., Grants Pass, OR, USA) mounted at each end of the platform held a blunt-ended, heat-polished micropipette (o.d., 60-100 μm) used to position and secure the EC tube against the bottom (coverslip) of the tissue chamber. The aluminium platform was mounted on an inverted microscope (Eclipse TS100, Nikon) located on a vibration-isolated table (Technical Manufacturing Corp., Peabody, MA, USA) and superfused with control PSS at ß4 ml min −1 along the axis of the EC tube. Throughout the experiments, temperature was maintained at 28°C using an in-line heater (SH-27B, Warner) and heating platform (PH6, Warner) coupled to a temperature controller (TC-344B, Warner). Preparations were stable for the duration of experiments (1-2 h) under these conditions.
Ca
2+ photometry
Ca 2+ photometry was performed using an IonOptix system (Milford, MA, USA) as described (Socha et al. 2011; Behringer & Segal, 2015) . Briefly, prior to loading Fura-2 dye, the preparation was maintained at room temperature for 10 min while autofluorescence was recorded at 510 nm during alternate excitation at 340 and 380 nm (10 Hz). Fura-2 AM dye (5 μM; F14185, Thermo Fisher Scientific, Waltham, MA, USA) was loaded for 20 min followed by 20 min washout to allow time for intracellular de-esterification and removal of excess dye. Temperature was raised to 28°C during the final 10 min. Autofluorescence during excitation at 340 and 380 nm (average values over 30 s acquisition) was subtracted from the respective recordings at 510 nm. Using a ×40 objective (Nikon S Fluor; numerical aperture, 0.90), the imaging window was 140 μm (length) by ß40 μm (width) and contained ß40-50 ECs (Behringer & Segal, 2015) .
Intracellular recording of V m
Endothelial cell tubes. Microelectrodes were pulled (P-97; Sutter) from glass capillary tubes (GC100F-10, Warner) and backfilled with 2 M KCl (tip resistance, ß150 M ). Membrane potential was measured using Axoclamp 2B (Molecular Devices, Sunnyvale, CA, USA) and Warner IE-210 electrometers as described ). An Ag/AgCl pellet placed in effluent PSS served as a reference electrode. Amplifier outputs were connected to an analog-to-digital converter (Digidata 1322A, Molecular Devices) and data were recorded at 1000 Hz on a Dell personal computer using Axoscope 10.1 software (Molecular Devices). Individual cells were impaled along the midline of the EC tube while viewing at ×400 magnification. For lymphatic endothelium, successful impalements were indicated by a sharp negative deflection of V m and typically required ß5 min for stabilization to resting V m (approx. range: −50 to −80 mV) before applying pharmacological agents. For AECTs, V m typically stabilized within 1 min (resting V m range: −25 to −40 mV) following impalement , 2015 . For simultaneous Ca 2+ photometry and electrophysiology, the photometric window for acquiring Ca 2+ measurements was positioned adjacent to the electrode recording V m (Behringer & Segal, 2015) .
Intact Ing-Ax lymphatic vessels. The vessel was cannulated on glass pipettes (ß80 μm) in an observation chamber with a Burg-style V-track mounting system and transferred to an inverted microscope (Zeiss, model IM35). Both pipettes were attached to a single pressure reservoir with an output line that was split with a T-connector. Pressure was set to 8 cmH 2 O and the vessel was lengthened to remove axial slack. Afterward, pressure was set to 3 cmH 2 O for the duration of the experiment. A peristaltic pump constantly exchanged the Krebs buffer in the observation chamber with fresh buffer at 0.5 ml min −1 . A heat exchanger connected to the water-jacketed observation chamber warmed the vessel to 37°C over 30-60 min. Spontaneous contractions typically began within 10 min and stabilized by 30 min. Wortmannin (2 μM) was then added to minimize, but not completely abolish, contraction amplitude to prevent dislodging the recording electrode. Membrane potential in the endothelium was recorded using intracellular microelectrodes (250-300 M ) filled with 1 M KCl and advanced through the smooth muscle layer. Impalements of LECs were confirmed by the lack of action potentials (an indicator of the electrical activity of adjacent smooth muscle cells) and resting V m ß −70 mV (Von der Weid & Van Helden, 1997) . Membrane potential was sampled at 1 kHz using a NPI SEC-05X amplifier (ALA instruments, Farmingdale, NY, USA) and acquired on a (Busse et al. 2002) . The TRPV4 agonist GSK1016790A (GSK101; 10-100 nM) was used to stimulate Ca 2+ influx and thereby elevate [Ca 2+ ] i . GSK101 was applied only once to each experimental preparation. Complementary experiments were performed using LECTs isolated from Trpv4 −/− mice in which the gene encoding TRPV4 was deleted (Thorneloe et al. 2008) .
Other pharmacological agents included LaCl 3 (100 μM; non-selective cation channel blocker), BaCl 2 (100 μM; K IR channel blocker), NS309 (10 μM; SK Ca /IK Ca activator; Tocris Bioscience, Bristol, UK), apamin (300 nM; SK Ca blocker; Anaspec, Fremont, CA, USA) + charbydotoxin (100 nM; IK Ca and BK Ca blocker; Anaspec), paxilline (1 μM; BK Ca blocker; Tocris), levcromakalim (10 μM; K ATP channel opener; Tocris) and glyburide (10 μM; K ATP channel blocker; Tocris). A maximal concentration of 0.1% DMSO was applied to any given preparation and vehicle controls were performed to confirm that [Ca 2+ ] i and V m were unaffected by this concentration of DMSO.
Endpoint RT-PCR
After validating the primers (Table 1) , EC tubes were isolated from an artery and from a lymphatic vessel of the popliteal fossa as described above. RNA expression for the Kcnn3 and Kcnn4 genes was then determined using RT-PCR, and the message levels were compared against those found in respective intact vessels. Briefly, total RNA was extracted from tissues by using the Arcturus PicoPure RNA Isolation Kit (Thermo Fisher Scientific, Waltham, MA, USA) with on-column DNase I treatment (Qiagen, Valencia, CA, USA) according to the manufacturer's protocol. Due to the low volume of tissue in a single EC tube, RNA was eluted with 24 μl of nuclease-free water. Purified RNA (8 μl) was then used for cDNA synthesis via reverse transcription using random hexamer and oligo (dT) primers, and SuperScript III First-Strand Synthesis System (Thermo Fisher Scientific). PCR was performed in a reaction mixture containing first-strand cDNA as the template (2 μl), 2 mM MgCl 2 , 0.25 μM primers, 0.2 mM deoxynucleotide triphosphates and GoTaq Flexi DNA polymerase (Promega, Madison, WI, USA). The PCR programme comprised an initial denaturation step at 95°C for 4 min, followed by 35 cycles of denaturation for 30 s at 95°C, annealing 30 s at 56°C and elongation for 30 s at 72°C, and a final extension step at 72°C for 5 min. PCR amplification products were separated on a 2% agarose gel by electrophoresis, stained with SYBR-Safe (Thermo Fisher Scientific) and visualized by UV transillumination. Forward and reverse primers used for this study and the expected size of amplicons are listed in Table 1 . The mathematical model of LECT Ca 2+ signalling and electrophysiology was adapted from a model developed for mesenteric vascular endothelial cells (Silva et al. 2007) . The plasma membrane is modelled based on the Hodgkin-Huxley model, which has been used for a variety of cell types (e.g. neurons and cardiomyocytes) (Lindblad et al. 1996; Yang et al. 2003; Koenigsberger et al. 2005; Silva et al. 2007 ). In addition to Ca 2+ , the dynamics of all major ions (Na + , K + and Cl − ) are included (see Fig. 7 ) to provide a comprehensive analysis of ion fluxes via ion channels, transporters, pumps and exchangers J Physiol 595.24 that underlie regulation of V m at rest and during the time course of a stimulus (e.g. ACh). A detailed discussion of how the mathematical modelling was performed now follows, with a list of the parameters used in Table 2 .
The LECT plasma membrane is assumed to act as a capacitor, and the ion channels and pumps are regarded as parallel paths (Diep et al. 2005) . The membrane potential (V m ) is calculated using Kirchhoff's law by:
where C m is membrane capacitance and the currents in the parentheses are trans-plasmalemmal ionic currents. The Nernst Potential (E) of each individual ion was calculated using: and Cl − can all diffuse through the intracellular space while the ER membrane is assumed to be impermeable to Ca 2+ , IP 3 , calmodulin and other proteins such that their flux is defined through membrane channels and transporters while IP 3 -IP 3 receptor (IP 3 R) interactions were assumed to be the main pathway for Ca 2+ release from the ER. Although ryanodine-ryanodine receptor interactions have been shown to release Ca 2+ from ER stores, particularly in excitable cells (Fill & Copello, 2002) , they were excluded from the present model because of the lack of supporting data from lymphatic endothelium. Thus, the ER stores denote IP 3 -sensitive Ca 2+ stores, which were modelled using the same equations as Silva and colleagues (2007) . IP 3 R current:
Sarco(endo)plasmic reticulum Ca 2+ -ATPase (SERCA) current:
ER leak current:
Mathematical model: transmembrane currents of lymphatic endothelium
Ions can pass through the plasma membrane either through specific channels or via pumps driven by consumption of ATP. Among the ion pumps, we included, Na + -K + -ATPase (I NaK ) and Ca 2+ -ATPase (I PMCA ), and removed the Na + /Ca 2+ exchanger (I NCX ) and the Na + -K + -Cl − cotransporter (I NKCC ) due to lack of evidence for their presence in the LECTs. Na + -K + -ATPase current:
Ca 2+ -ATPase current:
The most important difference between blood ECs and lymphatic ECs is our evidence for the lack of Ca 2+ -activated K + channel currents (I SK and I IK ) in LECTs, which led to removal of I SK and I IK from the model. Additionally, we have replaced the non-selective cation channel (I NSC ) and store-operated cation channel (I SOC ) in the model of Silva and colleagues (2007) with the Ca 2+ release-activated Ca 2+ channel (I Orai ; Ruhle & Trebak, 2013) , the transient receptor potential vanilloid 4 channel (I TRPV4 ), a composite term for the remaining transient receptor potential channels (I TRP ; Hill-Eubanks et al. 2014 ) and the K + leak channel (I Kleak ). In part, these modifications were made to implement recent data on the molecular mechanisms underlying store-operated and non-selective cation currents. Herein, we explain those currents that are new while adapting equations developed previously (Silva et al. 2007; Hald et al. 2015) .
Results from electrophysiological experiments in the current study suggest that in addition to the sustained increase in [Ca 2+ ] i , the LECT membrane most likely depolarizes due to a subset of TRP channels (including TRPV4) being activated through ACh or a downstream signalling event. The secondary sustained increase in Ca 2+ can be explained by stromal interaction molecule 1 (STIM1)-mediated Orai current. Importantly, two recent studies provide strong evidence for the expression of Orai1 in murine lymphatic endothelium (Choi et al. 2017a,b) . However, the level of depolarization we have observed requires involvement of TRP channels. The V m of LECs (ß−70 mV) is closer to the equilibrium potential of K + than that of Cl − channels. P TRPV4,Na,max was chosen to fit the depolarization of V m relative to our experimental data. Based on the evidence on cooperation of TRP channels in store-operated current, Orai channel permeability (P Orai,max ) was selected to have similar currents to TRPV4 during ER depletion (Liao et al. 2008; Ma et al. 2011) . TRP channels have a wide range of P Ca /P Na from <1 to >100 (Clapham et al. 2005; Gees et al. 2010) . We have assumed P Ca /P Na of 1 for the basal TRP channels and P Ca /P Na of 6 for TRPV4 (P ratio,TRPV4 ) (Gees et al. 2010) . The Hill coefficient and half-maximal activation concentration of ER depletion for both TRPV4 and Orai was selected to capture the dynamics of the second phase of Ca 2+ entry. Adjustment of the K + leak channel permeability (P Kleak ) ensured that our model matches the consistent observation of ß11 mV depolarization after I Kir blockade by BaCl 2 (see Fig. 10H ). Finally, the effect of GSK101 for TRPV4 activation was modelled by gradually opening the TRPV4 channels until they reached maximum permeability.
Data analysis
Analyses included: (1) fluorescence emission collected at 510 nm and expressed as the ratio during excitation at 340 and 380 nm (F 340 /F 380 ); (2) change in F 340 /F 380 ratio (F 340 /F 380 ) = peak response F 340 /F 380 − preceding baseline F 340 /F 380 ; (3) resting V m (mV); (4) change in V m ( V m ) = peak response V m − preceding baseline V m . All summary data reflect values averaged over 10 s during stable recordings. Statistical analyses (GraphPad Prism 5; GraphPad Software, Inc., La Jolla, CA, USA) included Student's paired and unpaired t test. Differences were accepted as statistically significant with P < 0.05. Summary data are presented as means ± SEM unless specified otherwise. One EC tube (either arteriolar or lymphatic) or intact lymphatic vessel was studied from each mouse for a given experimental protocol with 'n' reflecting the number of independent EC tubes or lymphatic vessels.
Results
The present experiments were designed to determine whether the requisite machinery of the EDH pathway (e.g. SK Ca /IK Ca activation) was present for transducing [Ca 2+ ] i increases into hyperpolarization in native intact Application of agents known to activate K Ca channels and thereby evoke robust hyperpolarization in arterial endothelium caused a pronounced depolarization in lymphatic endothelium. As summarized in Fig. 1A , ACh (1 μM) depolarized lymphatic ECs from a resting V m of −60 ± 7 mV to −33 ± 4 mV (P < 0.05), while the TRPV4 agonist GSK101 (100 nM) depolarized lymphatic ECs from −59 ± 3 to −13 ± 3 mV (P < 0.05). The K IR channel blocker BaCl 2 (100 μM) depolarized V m from −60 ± 5 to −49 ± 5 mV (P < 0.05). In contrast, neither the SK Ca /IK Ca opener NS309 (1 μM) nor inhibition with the combination of apamin (300 nM) + charybdotoxin (100 nM) altered resting V m significantly ( V m , 1-3 mV). The large-conductance K Ca channel (BK Ca ) blocker paxilline (1 μM), the K ATP channel opener levcromakalim (10 μM) and the K ATP channel inhibitor glyburide (10 μM) were also without significant effect on resting V m ( V m , 1-2 mV). Collectively, these findings suggested that K Ca channels were not expressed by lymphatic endothelium. We therefore performed endpoint RT-PCR to determine whether the genes encoding SK Ca /IK Ca channels (i.e. Kcnn3 and Kcnn4, respectively) were transcribed. As shown in Fig. 1B , whole popliteal arteries and whole lymphatic vessels expressed mRNA for Kcnn3 and Kcnn4. In contrast, the isolated lymphatic endothelium was devoid of detectable message for Kcnn3 or Kcnn4, while the isolated arterial endothelium showed abundant expression for both of these genes. isolated from the same anatomical site ( Fig. 2A and B) . Figure 2C illustrates a classic arterial endothelial response of [Ca 2+ ] i dynamics to ACh, whereby an initial rapid rise in F 340 /F 380 (due to intracellular release from the ER) is followed by a 'plateau' phase attributable to Ca 2+ influx through the plasma membrane (Cohen & Jackson, 2005; Socha et al. 2012; Behringer & Segal, 2015) . Furthermore, arterial endothelium rapidly hyperpolarized from −31 ± 5 to −69 ± 4 mV during peak [Ca 2+ ] i ( Fig. 2E and H, n = 4), with changes in V m mirroring those of [Ca 2+ ] i in both magnitude and time course (Fig. 2C and E) . In contrast, whereas the dynamics of [Ca 2+ ] i responses to ACh in LECTs were similar to that in AECTs (Fig. 2D  and G) , V m in LECTs underwent a gradual depolarization from −66 ± 3 to −45 ± 3 mV in response to ACh exposure ( Fig. 2F and H) . Thus, during exposure to ACh, hyperpolarization occurs simultaneously with an increase in [Ca 2+ ] i in arterial endothelium, whereas a slow depolarization occurs in lymphatic endothelium.
Lack of EDH in lymphatic endothelium
To address whether depolarization in response to ACh occurred in LECs of intact vessels, the endothelial V m in isolated and pressurized Ing-Ax lymphatic vessels was measured. From a resting V m of −64 ± 3 mV (n = 3), LECs depolarized by 51 ± 2 mV to −13 ± 2 mV in response to ACh (1 μM; Fig. 3A and B) . These data illustrate that LEC V m depolarization to ACh occurs irrespective of surrounding smooth muscle cells that exhibit spontaneous action potentials (Von der Weid et al. 2014 ).
Depolarization of lymphatic endothelium during ACh stimulation requires Ca 2+ influx
As observed for arterial endothelium, removal of 2 mM [Ca 2+ ] o (Cohen & Jackson, 2005; Socha et al. 2011; Behringer & Segal, 2015) or treatment with the non-selective cation channel blocker LaCl 3 (Cohen & Jackson, 2005) Fig. 2D and G) . In reference to Figure 2D and F, depolarization to ACh still occurred along with the peak phase of the [Ca 2+ ] i response and persisted despite the absence of the plateau phase; however, removal of extracellular Ca 2+ reduced depolarization by ß50% ( Fig. 4C and E (right panel)). When cation influx was blocked with LaCl 3 , depolarization was eliminated ( Fig. 4D and F (right panel) 1 μM) , TRPV4 activation (GSK101; 100 nM), inward rectifying K + channel blockade (BaCl 2 ; 100 μM), SK Ca /IK Ca activation (NS309; 1 μM), SK Ca /IK Ca blockade (apamin (Ap; 300 nM) + charybdotoxin (ChTx; 100 nM)), large conductance Ca 2+ -activated K + (BK Ca ) channel block (paxilline (Pax); 1 μM), ATP-sensitive K + (K ATP ) channel activation (levcromakalim (Levcro); 10 μM) and K ATP channel blockade (glyburide (Gly; 10 μM)). Depolarization (P < 0.05) occurred in response to ACh, GSK and BaCl 2 for '(n)' experiments. Resting V m of LECTs varied from ß−50 to −80 mV, and therefore respective treatment effects are reported as changes ( V m ) from resting V m preceding treatment. B, endpoint PCR images indicating mRNA expression of SK Ca (Kcnn3), IK Ca (Kcnn4), smooth muscle α-actin (Acta2) and vascular endothelial cadherin (Cdh5) for individual popliteal artery, collecting lymphatic vessel, arterial endothelial cell tube (AECT) and lymphatic endothelial cell tube (LECT). The intact artery and intact lymphatic vessel both expressed mRNA for SK Ca and IK Ca . In contrast, the LECT did not express mRNA for either SK Ca or IK Ca , while the AECT expressed abundant mRNA for both of these genes. Brain and thoracic aorta were used as positive controls for K Ca channels and cell type-specific markers (i.e. smooth muscle α-actin and endothelial cadherin), respectively. For negative controls (Control), no template was loaded.
ACh (1 µM)
ACh (1 µM) 
. Lack of EDH in lymphatic endothelium
A, brightfield image of an AECT isolated from a popliteal artery. B, as in A for a LECT isolated from a popliteal lymphatic vessel; note the valve (arrow) in B that is absent in A. Scale bars (white) in A and B indicate 50 μm. C, recording of Fura-2 fluorescence response to ACh for an AECT. D, as in C for a LECT. In both traces, note rapid increase in the F 340 /F 380 ratio ('peak'; ࣘ20 s of ACh onset) that was sustained (i.e. 'plateaued') for the duration of ACh exposure. E, simultaneous recording of V m during ACh from an AECT. influx across plasma membranes of arterial endothelium (Zhang et al. 2009; Sonkusare et al. 2012; Qian et al. 2014) . However, these channels are also permeable to Na + and are only moderately more selective for Ca 2+ over Na + (P Ca /P Na 6) compared to other Ca 2+ -permeable cation channels such as TRPV5 and TRPV6 (P Ca /P Na > 100) (Clapham et al. 2005) . Membrane permeability to Na + is functionally important given its integral role during excitation and depolarization of mammalian cells (Hille, 2001) . In response to opening TRPV4 channels with GSK101, wild-type LECTs responded with a robust increase in [Ca 2+ ] i ( Fig. 5A and G) coincident with depolarization ( Fig. 5D and H) . A key finding from these experiments is that depolarization to GSK101 was sustained (Fig. 5E) (Fig. 5B ) but was eliminated in the presence of LaCl 3 (Fig. 5F ).
In LECTs isolated from Trpv4 −/− mice, both the rise in [Ca 2+ ] i and the depolarization to ACh (F 340 /F 380 : 0.35 ± 0.12, V m : 6 ± 2 mV, n = 4) were attenuated significantly (P < 0.05) compared to wild-type C57BL/6 mice (F 340 /F 380 : 0.72 ± 0.07, V m : 17 ± 2 mV, n = 13) (Fig. 6A, C and E vs. Fig. 2D, F, G and H) . Further, [Ca 2+ ] i and depolarization responses to GSK were absent in LECTs from Trpv4 −/− mice (Fig. 6B , D and F; F 340 /F 380 : −0.01 ± 0.02, V m : −2 ± 3 mV; n = 5 LECTs isolated from 4 mice).
These findings collectively illustrate that TRPV4 channels play an integral role in lymphatic endothelium signalling, with both Ca 2+ and Na + influx contributing to membrane depolarization in response to ACh. We used computational modelling to resolve the contributions of Ca 2+ and Na + with respect to other ions (e.g. K + , Cl − ) and membrane channels (e.g. Orai, volume-regulated anion Cl − channels) in lymphatic endothelium.
Mathematical modelling: ionic fluxes and electrical dynamics in lymphatic endothelium
Computational modelling for ion channels in LECs was adapted from models published for ion channels in blood vessel endothelial cells (Fig. 7) (Wiesner et al. 1996; Silva et al. 2007; Gees et al. 2010; Prins & Michalak, 2011) .
ACh treatment. Figure 8A illustrates a two-phase response (i.e. 'peak' and 'plateau') similar to what we resolved experimentally for lymphatic endothelium (Fig. 2D) (Ruhle & Trebak, 2013) . TRPV4 channels then allow sodium entry, resulting in the depolarization in the model (Fig. 8E) . Computational blocking of TRPV4 and Orai mimics treatment with the non-selective cation blocker LaCl 3 , whereby depolarization is effectively abolished (Fig. 8F) in the presence of a significantly reduced [Ca 2+ ] i plateau during stimulation with ACh (compare Figs 4B  and 8C ). Similar to data obtained from Trpv4 −/− mice (see Fig. 6A, C and E) , the model also shows that the absence of TRPV4 alone is sufficient to abolish the depolarization (Fig. 8F) while both TRPV4 and Orai currents need to be eliminated to remove the Ca 2+ plateau in response to ACh (Fig. 8C) . GSK101 treatment. Figure 9 illustrates the model's prediction of a parallel increase in [Ca 2+ ] i (Fig. 9A ) and depolarization (Fig. 9D ) in response to TRPV4 activation with GSK101, which emulate Fig. 5A and D Dynamics in ionic fluxes and open probability of key channels, exchangers and pumps. The strength of the mathematical model is the simultaneous calculation of currents contributed by ion channels, pumps, transporters and exchangers that underlie the depolarization response in lymphatic endothelium, a task that is not feasible using experimental approaches alone within a single study. Figure 10A illustrates the integrated depolarization response at rest (t < 0 s) and during ACh stimulation (t > 0 s) (compare to Fig. 2F) . In response to ACh, the model predicts that IP 3 R is activated, releasing Ca 2+ from the ER (Fig. 10E) , which is then removed from the cytosol by the plasma membrane Ca 2+ -ATPase (PMCA; Fig. 10F ). As the ER Ca 2+ drops in response to ACh (Fig. 10C ), TRPV4 and Orai channels open ( Fig. 10F and G) leading to a plateau increase in [Ca 2+ ] i (Fig. 10D) ; however, the permeability of TRPV4 to Na + leads to depolarization (Fig. 10A ). In this model, TRP channels other than TRPV4 appear to play a negligible role in depolarization (Fig. 10F and G) . The Na + -K + -ATPase (NaK) pump maintains Na + and K + concentration gradients and currents (Fig. 10G for Na + and Fig. 10H for K + ) across the plasma membrane at rest and during ACh (Fig. 10C) . Basal Cl − currents (Fig. 10I) through Ca 2+ -activated chloride channels (CaCCs) and volume-regulated anion channels (VRACs) are negligible in the absence of Na + -K + -Cl − cotransporters (NKCCs); however, membrane depolarization in response to ACh results in transient Cl − currents through CaCCs and VRACs. Altogether, ACh in LECTs triggers internal Ca 2+ release from the ER which in turn activates non-selective cation channels (or TRPs) in the plasma membrane and, in particular, TRPV4. While Ca 2+ influx through TRPV4 channels is observed, it is the concomitant influx of Na + that primarily underlies the integrated V m response to ACh in the form of depolarization.
Discussion
The present study has simultaneously monitored membrane potential and intracellular Ca 2+ in freshly isolated lymphatic endothelial cell tubes for the first time. Complementary experiments and computational modelling have revealed a two-phase response to ACh (i.e. 'peak' and 'plateau') in [Ca 2+ ] i dynamics that is mediated through activation of TRPV4 channels and mimics the behaviour reported for endothelium of arterioles and resistance arteries (Cohen & Jackson, 2005; Socha et al. 2011; Behringer & Segal, 2015 followed by a sustained plateau is similar to the one observed in Fura-2 experiments (Fig. 2D) Fig. 4A and B) . D, V m during ACh for lymphatic endothelium showing the depolarization similar to experimental recordings (Fig. 2F) and Na + . The depolarization observed in LEC tubes in response to ACh was confirmed in intact collecting lymphatic vessels that were pressurized and contracting. Moreover, the absence of SK Ca /IK Ca activity and gene expression in LECs is in contrast to the robust expression of these channels in arterial endothelium (Jackson, 2005; Ledoux et al. 2006; 
Physiological relevance
The EDH response in arterial endothelium is associated with hyperpolarization through activation of SK Ca /IK Ca channels, which is then conducted along the endothelial layer via homocellular gap junctions and into surrounding SMCs through myoendothelial gap junctions to coordinate dilatation along the vessel (Bagher & Segal, 2011 , Garland et al. 2011 . In the present study, our data suggest that LECs lack SK Ca /IK Ca channels responsible for EDH. Taken together with our previous findings that popliteal collecting lymphatic vessel dilatation to ACh is blocked completely by inhibiting NO production ), it appears that muscular lymphatic vessels do not possess an EDH pathway. Further, it appears likely that mouse lymphatic endothelium does not exhibit conducted hyperpolarization, given that its resting V m of ß−70 mV is already quite negative as shown here in both LECTs and in intact lymphatic endothelium, which is in agreement with a previous report (von der Weid & Van Helden, 1997) . Thus, LECs are poised to depolarize rather than hyperpolarize and depolarization would attenuate the driving force for Ca 2+ entry and subsequent NO production through eNOS. This interpretation is consistent with LEC depolarization serving to permit LMC contraction.
ECs and SMCs of blood vessels are coupled electrically (Emerson & Segal, 2000) , but there is so far a lack of Fig. 5E and F) . Further, note similarities in C and F compared to Fig. 5C and F, respectively, consistent with recordings obtained from LECTs of Trpv4 −/− mice. (Kanady et al. 2011; Sabine et al. 2012; Munger et al. 2016) . The lack of electrical current passage between the LECs and LMCs was confirmed in the present study by recording a stable lymphatic endothelial membrane potential in intact lymphatic vessels that were contracting, and thus were coated with smooth muscle cells that were firing repetitive action potentials. One outcome from this lack of direct coupling is that the lymphatic endothelium is unable to regulate LMC contraction through electrical signals. The lack of coupling between respective cell layers would prevent loss of charge from LMCs into LECs, thereby facilitating conduction of a contraction wave (i.e. depolarization) along the LMC layer. Therefore, we propose that collecting lymphatic vessels are optimized for the initiation and conduction of depolarization, in contrast to blood vascular endothelium, which is optimized for the initiation and conduction of hyperpolarization signals that drive vasodilatation.
TRPV4 currents predominate in lymphatic endothelium
Previous studies have established a role for TRPV4 channels in promoting Ca 2+ influx into the endothelium of resistance arteries, whereby activation of SK Ca /IK Ca and hyperpolarization produces vasodilatation (Zhang et al. 2009; Sonkusare et al. 2012; Qian et al. 2014 ). In the present study, mice genetically lacking Trpv4 show a ß70% reduction in depolarization to ACh during the plateau phase as compared to wild-type C57BL/6 mice (see Fig. 6E , right panel). To our knowledge, this is the first study to Silva et al. (2007) , which shows the model for mesenteric artery endothelium in response to ACh.
indicate a functional role for TRPV4 in governing cation influx in lymphatic endothelium. The robust entry of Ca 2+ and Na + combined with a lack of SK Ca /IK Ca channel activity results in an accumulation of positive charge along the intracellular side of the plasma membrane, thereby leading to depolarization of V m (Hille, 2001) (Fig. 2) . As the absence of extracellular Ca 2+ reduced depolarization by nearly half during ACh stimulation (Fig. 4E, right  panel) , our findings suggest an equal role for Na + entry in depolarizing LECs. Furthermore, as the direct activation of TRPV4 channels with GSK101 elicits a full depolarization response in the absence of [Ca 2+ ] o (Figs 5 and 9 ), the influx of Na + alone can fulfil this physiological role of TRPV4 in membrane depolarization during the regulation of lymphatic function. Consistent with this interpretation is that blocking non-selective cation channels with LaCl 3 (Fig. 5F and H) or genetic deletion of Trpv4 ( Fig. 6D and F, right panel) eliminated depolarization to GSK101.
Mathematical modelling analysis
The mathematical model presented here is based on a well-developed model of mesenteric artery endothelium (Silva et al. 2007 ) that could reproduce our experimental measurement of [Ca 2+ ] i and V m in mouse popliteal arteries ( Fig. 2C and E) . Removal of the SK Ca /IK Ca currents was based on the present experiments in which blocking agents were applied without significant effects (Fig. 1 ) and the lack of LECT hyperpolarization to either ACh or GSK. With approximation of the model parameters to reflect the more negative V m in LECs compared to vascular ECs, we matched [Ca 2+ ] i and V m dynamics to our experimental data for ACh and GSK (compare Figs 4 and 5 to Figs 8 and 9) . To further substantiate our application of this model to LECs, we compared the results from blocking ion channels and found a similar degree of depolarization after K ir blockade (ß11.3 mV computationally versus 11 ± 1 mV experimentally). Additionally, NaK blockade in guinea pig lymphatic endothelium with ouabain (von der Weid & Van Helden, 1997) produced a 6 mV depolarization, similar to the predictions of our model (6.7 mV). In a previous in vitro study of cultured LECs with Fura-2 measurement of [Ca 2+ ] i , the SERCA inhibitor thapsigargin elicited rapid ER depletion followed by a sustained [Ca 2+ ] i increase from TRPV4 and Orai activation (Jafarnejad et al. 2015) . We observed a similar dynamic in our model when SERCA current was removed. We conclude that our model of LECs demonstrates the details of ionic current balance in the resting condition as well as during ACh treatment and can therefore be utilized to generate novel hypotheses by investigating scenarios that include blockade of ion channels for which selective pharmacological tools are lacking. First, the model predicts that PMCA channels are required for Ca 2+ extrusion after stimulation with ACh and therefore their blockade would lead to a considerable increase in [Ca 2+ ] i , a point that should be investigated experimentally (Fig. 10F) . Second, the model predicts that the Na + permeability of TRPV4 channels is essential for ACh-mediated depolarization of LECTs, which is consistent with the central finding of the present experiments. Third, the model identifies the Ca 2+ :Na + permeability ratio of TRPV4 as a primary parameter in determining the balance between sustained influx of Ca
2+
versus V m depolarization. Fourth, it predicts that after ACh stimulation, 56% of the total Na + TRP current is through TRPV4, which is in agreement with arteriolar endothelium (Sonkusare et al. 2012) . Overall, the model provides a comprehensive picture of all requisite transmembrane currents, ionic concentrations, and potentials, which are otherwise difficult or impractical to measure experimentally. For instance, the model offers a tantalizing prediction as to why the resting V m is significantly more negative in lymphatic endothelium versus blood endothelium: the potential absence of significant NKCC channel expression would prevent the inward Cl − current that underlies the steady-state depolarization in blood endothelium (Russell, 2000) .
Summary and conclusions
The function of endothelial Ca 2+ -activated K + channels as an interface between intracellular Ca 2+ dynamics and production of hyperpolarization has long been recognized (Busse et al. 1988 ). An integral component of resistance blood vessels is to coordinate smooth muscle cell relaxation and vasodilatation in accord with metabolic demand (Segal, 2015) . Conversely, collecting lymphatics also undergo active Ca 2+ and electrical dynamics (von der Weid & Van Helden, 1997; Ferrusi et al. 2004 ) but do so to generate rhythmic contractions and unidirectional pumping of fluid (von der Weid et al. 1996; Mizuno et al. 1997) . We sought to resolve the underlying ionic mechanisms of lymphatic endothelial function working from our established understanding of endothelium-derived hyperpolarization demonstrated in blood vessel endothelium. Overall, we found that while [Ca 2+ ] i dynamics were similar to arterial endothelium in response to agonists such as ACh, depolarization (rather than hyperpolarization) ensued in lymphatic endothelium. This striking difference can be explained by the lack of Ca 2+ -activated K + channels in LECs while Ca 2+ and Na + ions enter through non-selective TRPV4 cation channels. Thus, the lack of an EDH pathway in lymphatic endothelium is likely a crucial adaptation to ensure the efficient conduction of contraction waves in the adjacent lymphatic muscle cells that are required for propulsive lymph flow. J Physiol 595.24 performed computational modelling in the laboratory of J.E.M. E.J.B., J.P.S., M.J.D., J.A.C., S.D.Z. and S.S.S. analysed and interpreted data. E.J.B., J.P.S., M.J., S.D.Z. and J.A.C. drafted the manuscript and/or prepared the figures. S.S.S. and M.J.D. edited the manuscript. All authors approved the final version of the manuscript and agree to be accountable for all aspects of the work in ensuring that questions related to the accuracy or integrity of any part of the work are appropriately investigated and resolved. All persons designated as authors qualify for authorship, and all those who qualify for authorship are listed.
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Translational perspective
In the blood circulation, endothelial cell function in resistance vessels employs activation of Ca 2+ -sensitive K + channels to hyperpolarize and promote relaxation of vascular smooth muscle cells. Thus, vasodilatation can be triggered through TRPV4 channels that promote Ca 2+ influx. However, in the lymphatic circulation it is unknown whether the endothelium uses Ca 2+ -sensitive K + channel activity to govern the activity of lymphatic muscle cells for pumping fluid away from peripheral tissues to prevent oedema. To answer this question, we studied freshly isolated endothelial tubes of collecting lymphatic vessels that are free of such confounding factors as smooth muscle cells and the flow of lymph. We evaluated intracellular Ca 2+ levels in conjunction with membrane potential during exposure to pharmacological agents known to activate Ca 2+ -sensitive K + channels and TRPV4 channels to elevate intracellular Ca 2+ . Our findings indicate that, despite robust increases in intracellular Ca 2+ , the endothelium of collecting lymphatics lacks Ca 2+ -sensitive K + channels yet expresses TRPV4 channels and depolarizes with Ca 2+ influx. Genetic deletion of Trpv4 attenuated Ca 2+ influx, confirming the integral role of TRPV4 channels in lymphatic endothelium. Our findings indicate that (1) endothelial Ca 2+ -sensitive K + channel activity is not requisite for lymphatic function and (2) vascular endothelia throughout the body need not share the same genetic and protein composition to perform their physiological roles. These data provide fundamentally new insight for precision medicine, whereby selective treatments are developed for key vascular biomarkers to promote health and cure disease.
